Pyruvate dehydrogenase complex (PDC) deficiency is a major inborn error of oxidative metabolism of pyruvate in the mitochondria causing congenital lactic acidosis and primarily structural and functional abnormalities of the central nervous system. To provide an alternate source of acetyl-CoA derived from ketone bodies to the developing brain, a formula high in fat content is widely employed as a treatment. In the present study we investigated efficacy of a high-fat diet given to mothers during pregnancy and lactation on lessening of the impact of PDC deficiency on brain development in PDC-deficient female progeny. Methods: A murine model of systemic PDC deficiency by interrupting the X-linked Pdha1 gene was employed in this study. Results: Maternal consumption of a high-fat diet during pregnancy and lactation had no effect on number of live-birth, body growth, tissue PDC activity levels, as well as the in vitro rates of glucose oxidation and fatty acid biosynthesis by the developing brain of PDC-deficient female offspring during the postnatal age 35 days, as compared to the PDC-deficient progeny born to dams on a chow diet. Interestingly, brain weight was normalized in PDC-deficient progeny of high fat-fed mothers with improvement in impairment in brain structure deficit whereas brain weight was significantly decreased and was associated with greater cerebral structural defects in progeny of chow-fed mothers as compared to control progeny of mothers fed either a chow or high fat diet. Conclusion: The findings provide for the first time experimental support for beneficial effects of a ketogenic diet during the prenatal and early postnatal periods on the brain development of PDC-deficient mammalian progeny.
Introduction
The pyruvate dehydrogenase complex (PDC) is one of the key enzymes in pathways of energy production and biosynthesis of lipids from glucose-derived carbons. Mammalian PDC is composed of multiple copies of three catalytic components, pyruvate dehydrogenase (PDH), dihydrolipoamide acetyltransferase and dihydrolipoamide dehydrogenase, a non-catalytic dihydrolipoamide dehydrogenase-binding protein, and two regulatory enzymes, PDH kinase (a family of four isozymes) and PDH phosphatase (a family of two isozymes) [1, 2] . PDC is regulated post-translationally by phosphorylation (inactivation) and dephosphorylation (reactivation) of the α subunit of the α 2 β 2 heterotetrameric PDH component by PDH kinases and PDH phosphatases, respectively [1, 2] . Two genes have been found encoding the α subunit of PDH in most mammals [3, 4] . In the human, the PDHA1 gene functions in somatic tissues and maps on the chromosome X [3] .
PDC deficiency is one of major inborn errors of oxidative metabolism, causing congenital lactic acidosis and heterogeneous clinical manifestations primarily related to malfunctioning of the central nervous system [5] [6] [7] [8] [9] [10] . The severity of the neurological manifestations ranges from minimal impairment (mild ataxia) to profound intellectual disability with abnormalities of motor functions. Among the large number of reported PDC deficiency cases resulting from mutations in the genes encoding PDC component proteins, the vast majority of the cases have been found to have mutations in the X-linked PDHA1 gene. Because of the X chromosomal localization of the somatic PDHA1, affected males and females manifest the disease differently, with males less likely to survive infancy and surviving females more likely to have severe neurological consequences [8, [11] [12] [13] .
In the majority of reported cases of PDC deficiency, pathologic evaluation of the brain by autopsy has not been performed but abnormal
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Molecular Genetics and Metabolism Reports j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / y m g m r brain imaging findings have been found in about one half of the reported PDC-deficient patients [5, 8, 9] . The most often reported observations of cerebral pathology for PDC deficiency include dilation of the lateral cerebral ventricles, underdevelopment of large white matter structures such as the corpus callosum, pons and pyramids, atrophy or neuronal loss combined with gliosis in the cortex and less often in basal ganglia, thalamus, hypothalamus and cerebellum and heterotopias in all brain region [5, [8] [9] [10] [14] [15] [16] . Prenatal and early imaging in a few cases have suggested that the onset of some of these neurologic deficits occurs prenatally, however, the timing and pathologic progression are not well characterized at present [5, [8] [9] [10] 12, 17] . Several strategies have been employed to treat PDC-deficient patients, with variable and often limited success [18] [19] [20] [21] . They include three major therapies (and often in some combination) [5, 8] : (i) the use of a ketogenic diet to provide ketone bodies as an alternate fuel for brain metabolism (by-passing PDC reaction) [18, [20] [21] [22] [23] [24] [25] (ii) supplementation of high doses of thiamine, presumably to meet the increased Km requirement for thiamine pyrophosphate associated with some PDHA1 mutations and/or for enzyme stability [26] [27] [28] [29] [30] [31] , and (iii) administration of dichloroacetate which is known to inhibit PDH kinases decreased blood cerebrospinal fluid lactate concentrations in a large number of PDC-deficient children [19, 32] . Beneficial effect of phenylbutyrate on residual 'active' PDC activity was shown in skin fibroblast cell lines from PDC-deficient patients caring PDHA1 missense mutations [33, 34] . Furthermore, pyruvate therapy decrease lactate levels better clinical response on development and epilepsy in a PDC-deficient patient with a single base substitution in the PDHA1 gene [35] . Unfortunately, none of these approaches have been evaluated in a controlled manner with a sufficient number of subjects or duration to establish their efficacy. Several studies suggest that an early postnatal implementation of a ketogenic diet severely restricted in its carbohydrate content may be beneficial; however, this remains to be further evaluated [18, [20] [21] [22] 36] . The efficacy of ketogenic substrates was tested using a zebrafish model for PDC deficiency (due to deletion of the dihydrolipoamide acetyltransferase gene, Dlat) [36] . This dietary treatment promoted feeding behavior and increased survival of mutant larvae with improvement in visual response, indicating beneficial effects of the dietary treatment [36] .
We have developed a murine model of PDC deficiency with a conditional mutation [37] introduced into the mouse orthologue of PDHA1, referred to as Pdha1, which is localized on chromosome X [38] . Using the Cre-loxP system, in vivo deletion of exon 8 of the Pdha1 by expressed Cre recombinase activity altered the downstream reading frame of this gene [37] . We showed that PDC-deficient female mice developed brain structural abnormalities somewhat similar to those observed in female PDC-deficient patients [39] [40] [41] . The availability of this murine PDCdeficiency model presented an opportunity to investigate the efficacy of a ketogenic diet (high-fat diet) on abnormal brain development. Considering that substantial neurologic damage can develop in utero in cases of PDC deficiency [7, 10, 12, 17, [42] [43] [44] [45] , it was of interest to determine if altering the maternal diet would be beneficial to early brain development.
Materials and methods

Generation of PDC-deficient mice, dietary treatments and genotyping
All procedures performed on mice were in accordance with the NIH Guide for the Care and Use of Laboratory Animals and were approved by Institutional Animal Care and Use Committee of University at Buffalo (protocol # BCH11064N). A line of mice carrying the Pdha1 flox8 alleles, consisting of two loxP sites inserted into intronic sequences flanking exon 8 was generated as reported previously [37] ) was referred to as control females. Both progeny were nursed by their natural dams and weaned on postnatal day 24 (P24) onto a LC and water ad libitum unless otherwise indicated.
To investigate the effect of maternal consumption of a high-fat (HF) diet on progeny brain development, another set of similar breeding protocols was performed in which the Pdha1-floxed females were placed on a HF diet (percent calorie composition: 18% carbohydrates, 67% fat and 15% protein; from Bio-Serv, Frenchtown, NJ) one week prior to initiation of breeding and were continued on HF diet during gestation and lactation. The female progeny of these matings (both control and PDC-deficient females) were weaned onto the same HF diet and water ad libitum until euthanized for tissue harvesting. Brain and liver from the progeny were rapidly removed and either frozen in liquid nitrogen or processed for metabolic and histological studies as described below. At the time of killing, blood was collected in tubes pre-coated with EDTA. After centrifugation, plasma samples were stored frozen. Plasma levels of lactate [47] and D-β-hydroxybutyrate [48] were measured using spectrophotometric methods.
To detect the presence or absence of the three Pdha1 alleles [wildtype Pdha1 wt (700 bp), Pdha1 flox8 (800 bp) and exon8 deleted Pdha1
Δex8
(400 bp)] and the Cre transgene (240 bp), genomic DNA from tail clips was isolated with OmniPrep kit (Geno Technology, Inc., St. Louis, MO) and subjected to polymerase chain reaction analysis using specific primers and conditions as previously described [39] . Genotypes were confirmed later using DNA isolated from tissue specimens obtained after euthanization.
PDC activity measurements
'Active' and 'total' PDC activity was measured by assessing the conversion of [1- 14 C]pyruvate to 14 CO 2 by freeze-thawed tissue homogenates from PDC-deficient and control female progeny at the indicated prenatal and postnatal ages [39] . For 'active' PDC activity, dichloroacetate (inhibitor of PDH kinases) and sodium fluoride (inhibitor of PDH phosphatases) were present in homogenizing buffer to preserve its in vivo phosphorylation status. For measurement of 'total' PDC activity, complete dephosphorylation of PDH was achieved by pretreatment of freeze-thawed homogenates with purified PDH phosphatase 1 [39] . PDC activity is expressed as munits/mg of protein. and liver slices at P15 and P35 as previously described [49] . The trapping of released 14 CO 2 and extraction of the labeled fatty acid fraction were performed as detailed previously [49] . Radioactivity was measured using a Beckman scintillation counter (Beckman, Fullerton, CA). The results are expressed as the nanomoles of radioactive substrate oxidized to 14 CO 2 or incorporated into esterified fatty acids per gram of wet tissue weight per hour.
Substrate oxidation and fatty acid synthesis
Histological analyses of the brain
Brains of control and PDC-deficient female progeny at P35 were processed by the protocol described previously [39, 40] . Briefly, following anesthesia, a subset of mice were perfused with 0.1 M phosphate buffered saline followed by 4% paraformaldehyde in phosphatase buffered saline for histological analyses. Brains were dissected, postfixed in the same solution, processed with 30% sucrose for cryoprotection and frozen with Cryo-M-Bed embedding compound (Bright Instrument Company, Huntingdon, UK). Cryosections were cut at 20 μm using Vibratome and every section was collected in a stereological fashion [40] . A set of brain sections was subjected to Nissl staining (0.2% Cresyl violet, pH 4.5) (St. Louis, MO, USA) to reveal nuclei of neuronal and glial cells. Following dehydration and mounting with Permount slides were analyzed with a Zeiss Axiovert 35 microscope. Axiovision LE Rel. 4.5 program was used for calibration and quantification of the thicknesses of the dorsomedial neocortex, cerebellar granule cell layer, corpus callosum and a number of the cerebellar Purkinje cells.
Statistical analysis
The results are expressed as means ± standard deviation (SD) of the indicated number of animals in each experiment. Whenever only two groups were being compared, Students' t-test was used for analysis. For multiple comparisons, one-way analysis of variance (ANOVA), followed by post hoc analysis using the Student-Newman-Keuls test was used. P value of b0.05 was considered as significant.
Results
Litter size and genotyping
The average litter size was significantly reduced by 34% when Pdha1-floxed females consuming LC (during gestation and lactation) were bred with transgenic males (Cre all + ) as compared to breeding with wild-type males (Cre all-) ( Table 1 ). This is because of embryonic lethality of male embryos carrying Pdha1
Δex8 allele [37] . A similar outcome for litter size reduction (35%) was observed when Pdha1-floxed females consuming the HF (ketogenic) diet during gestation and lactation (Table 1) . No male offspring carrying Cre all+ were born from mating of the Pdha1-floxed females on HF diet with Cre all + transgenic males, resulting in the observed reduction in average litter size. Hence, feeding of a HF diet had no beneficial effect on progeny litter size outcome at birth. Genotype analysis using tail DNA from PDC-deficient female progeny of mothers fed HF diet showed, as expected [39] , the presence of Pdha1 Δ ex8 (400 bp), Pdha1 wt (700 bp) and the Cre allele (240 bp) (results not shown). As expected, heterozygous control female progeny generated using wild-type control males showed Pdha1 wt (700 bp) and Pdha1 flox8 (800 bp) alleles (results not shown; see previously reported data on genotyping of these animals) [41] .
Body and brain weights
Body weights did not differ significantly, except as indicated, between control and PDC-deficient female progeny at age E18, P0.5, P15 and P35 when their dams consumed either a HF diet or LC diet (Fig. 1A) . There was a significant reduction in body weights of P15 progeny of HF-fed mothers compared to control progeny of HF-fed mothers. This difference, however, was not seen at age P35 (Fig. 1A) . Brain weights of PDC-deficient females born to dams consuming LC were significantly reduced at ages E18, P15 and P35 (Fig. 1B) . In contrast, brain weights of PDC-deficient females born to dams on HF diet were significantly reduced on P15 only. It should be noted that there was a significant reduction (P b 0.05) in brain weights of P35 PDC-deficient progeny of LC-fed mothers whereas this reduction in brain weights was not observed in P35 PDC-deficient progeny of HF-fed mothers (Fig. 1B) .
PDC activity
'Total' PDC activity was significantly decreased (about 25-45%) in PDC-deficient progeny of lab chow-fed mothers compared to control progeny at 4 different ages (Fig. 2B) . As expected, maternal HF diet consumption had no effect on the 'total' PDC activity in the brains of control and PDC-deficient progeny at 4 different ages examined (Fig. 2B) . A similar degree of reduction in 'active' PDC activity was also seen between the control and PDC-deficient progeny (irrespective of maternal dietary treatment) (Fig. 2A) . Because 'active' PDC activity was significantly reduced in the brains of PDC-deficient females at 4 different ages ( Fig. 2A) , it is concluded that no compensatory increase in brain 'active' PDC activity occurred to restore the enzymatic defect in PDC-deficient female progeny. As expected based on genotype, maternal diet had no effect on reductions in 'active' and 'total' PDC activities in the brains of PDC-deficient females compared to their corresponding control females. As expected, significant reductions in both 'active' and 'total' PDC activity in liver were found in P15 and P35 PDC-deficient females (Supplemental Fig. 1 ).
Substrate oxidation and fatty acid synthesis
To assess oxidation of the substrates and incorporation of their carbons into lipids, brain slices were incubated with [U-
14 C]-glucose or
C]-acetate plus non-radioactive glucose (Fig. 3) . Using [U-
14
C]-glucose as a substrate, oxidation to 14 CO 2 was significantly decreased in the brains from PDC-deficient female progeny from both LC-fed and HF-fed mothers) compared to their corresponding diet-and agematched control females (at both P15 and P35) (Fig. 3A) . The incorporation of 14 C from glucose into total fatty acids by brain slices from PDCdeficient progeny of dams either on LC or HF diet was significantly decreased compared to their corresponding dietary controls at age P15, but not at P35 (Fig. 3A) . The latter finding may be due to lower rates of fatty acid biosynthesis in rodent brain in the post-weaning period at P35 [50] . Since HF diet had no effect on [U- 14 C]-glucose metabolism in the control progeny, the data were combined for the controls on LC and HF diet for HF analysis. As expected, when [1.2-14 C]-acetate was used as a substrate, no difference in substrate oxidation and incorporation into fatty acids was seen in brain slices from P15 and P35 PDCdeficient and control females, either on LC or HF diet (Fig. 3B ).
The oxidation of [U- Fig. 2B ).
Plasma substrate levels
As expected, administration of a HF diet to the mothers (and weaning on a HF diet) significantly increased plasma levels of β-hydroxybutyrate in control and PDC-deficient progeny on P35 (0.68 ± 0.22 and 0.70 ± 0.14 μmol/ml, respectively), compared to progeny from LC-fed mothers were significantly lower (0.21 ± 0.06 and 0.22 ± 0.16 μmol/ml for control and PDC-deficient, respectively; P b 0.05). Plasma lactate levels did not differ between control and PDC-deficient progeny of mothers on the HF diet (2.9 ± 0.7 mM vs. 3.1 ± 0.6 mM, respectively). Plasma lactate levels also did not differ between 35 day-old control and PDC-deficient progeny of mothers fed LC diet (2.6 ± 0.4 and 2.8 ± 0.1, respectively).
Brain structure studies
Detailed analysis and comparison of the brain structure was performed on brain sections from P35 PDC-deficient and control progeny of mothers fed HF diet and LC diets. Striking brain structure deficits were observed in the PDC-deficient progeny of LC-fed mothers in comparison to control progeny of mothers on the same diet [41] . Briefly, significant reduction in the thickness of the neocortex, visible reduction in the number of neocortical cells, and enlargement of the lateral ventricles were observed in brains of PDC-deficient progeny of LC-fed mothers during gestation and lactation (Fig. 4A) . Local heterotopias were seen in the striatum, hypothalamus, thalamus and nuclei of the midbrain and brain stem (data not shown). In the cerebellum, both granule and Purkinje cell numbers were visibly reduced in brains of PDC-deficient progeny of LC-fed mothers during gestation and lactation (Fig. 4B) .
In brains of PDC-deficient progeny of HF-fed mothers during gestation and lactation, these abnormalities of brain structure were less severe. Thickness of the neocortex from PDC-deficient progeny of HF diet fed-mothers (Fig. 4A, upper row far right) was 1110 compared to a value of 960 for PDC-deficient progeny of LC-fed mothers (Fig. 4A , upper row second from far left), but still was smaller than that seen in agematched control females from either HF (value of 1185; Fig. 4A , upper row second from far right) or LC progeny (value of 1170; Fig. 4A , upper row far left). Size, number and position of cells in the neocortex appeared to be improved in PDC-deficient females from HF progeny (Fig. 4A , lower row far right) compared to PDC-deficient females from lab LC-fed mothers. Structural defects of striatum, hypothalamus and thalamus appeared to be prevented since no heterotopias were observed in brain sections from PDC-deficient females from HF progeny (data not shown). Similarly, no structural defects were seen in the nuclei of midbrain and brain stem (data not shown). Cerebellar structure improved in brain sections from PDC-deficient females from HF-fed mothers (value of 75; were still evidently reduced in PDC-deficient female progeny of HF-fed mothers.
Discussion
Although the brain represents only about 2% of total body weight of an average adult, it accounts for about 20% of the resting total body oxygen consumption. In infants and children the brain's oxygen consumption accounts for even larger fraction (about 50%) during early childhood (around the age of 4-5 years). Hence the brain is most susceptible to PDC deficiency because of its dependency on glucose as the primary energy source under normal dietary conditions. PDC serves as the gatekeeper for oxidation of glucose-derived pyruvate to acetylCoA for further oxidation in the tricarboxylic acid cycle and also for biosynthesis of lipids in developing brain. The only other readily oxidizable substrates for the brain are ketone bodies derived from fatty acid oxidation in the liver. Hence, a ketogenic diet is a common treatment for PDCdeficient patients in the postnatal period.
Two commonly employed treatments (often in combination) in PDC deficiency are the use of a ketogenic diet and vitamin supplementation (high dose of thiamine with some other vitamins and/or compounds). The efficacy of the ketogenic diet for PDC deficiency is based on two considerations: (i) the ketogenic diet results in increased circulating plasma levels of free fatty acids and ketone bodies (β-hydroxybutyrate and acetoacetate) providing alternate sources of acetyl-CoA for energy production and biosynthetic process in the brain (ketone bodies only) and other tissues and (ii) the reduction in blood and intracellular levels of lactate and pyruvate due to the reduction or removal of dietary carbohydrates. In this regard, ketogenic diets with reduced level of carbohydrate intake or with little or no carbohydrates have been used with variable success to control lactic acidosis with little or some clinical improvement [8, 18, 20, 22, 24, 25, 51, 52] . This is due largely to several variables introduced in each case such as the variability in mutations expressed, age at the initiation of the treatment, level of fat content in the diet, quality of dietary fats, length of treatment, acceptability/adherence to the diet, etc. In two studies using magnetic resonance imaging, a ketogenic diet was associated with clinical stabilization and arrest of progressive cerebral lesions, and appearance of new lesions upon discontinuation of the diet [18, 51] . Furthermore, a nearly carbohydrate-free diet initiated shortly after birth may be useful in the treatment of PDH (and hence PDC) deficiency and recommended carnitine supplementation to maintain normal plasma free carnitine levels due to increased fatty acid oxidation in the patients [20] . Again, this treatment focuses on initiation of a ketogenic diet in the postnatal period due to either based on clinical/ biochemical symptoms or on a confirmed diagnostic evidence for PDC deficiency. The correction of the biochemical parameters (such as reduction in lactate levels in the plasma and possibly in the cerebrospinal fluid) at a later stage in the postnatal period does not reverse the brain structural damage and therefore cannot promote the recovery towards normal brain functions.
The efficacy of a ketogenic diet (consisting of medium-and longchain fatty acids in an emulsion of phosphatidylcholine) was tested using a zebrafish model for PDC deficiency due to Dlat-deficiency [36] . This dietary treatment promoted feeding behavior, reduced lactic acidosis, and increased survival of mutant larvae [34] . Additionally, this diet caused a strong to moderate improvement in visual response by PDCdeficient larvae, indicating reversal of severe neurological dysfunction such as blindness. Although these findings are of interest, this model is not directly relevant to human PDC deficiency. Our murine model of PDC deficiency is more relevant to human PDC deficiency for analyzing mammalian brain development and also for assessment of efficacy of a high fat dietary treatment.
In an earlier report we provided detailed description of structural deficits in the brains of P35 PDC-deficient females (born to mothers consuming LC during gestation and lactation) [41] . Briefly, these deficits included heterotrophic changes and reduced neuronal cell density in the neocortex, the decrease in the density of granular cells and Purkinje cells, and agenesis of white matter structures, among other abnormalities. Interestingly, many of these neuropathological alterations in PDC-deficient mice were similar to those described in PDCdeficient patients [5, 8, 40, 41] . In the present study, we found similar impairment in brain structural deficits in PDC-deficient females born to mothers fed LC during gestation and lactation (Fig. 4) . Interestingly, improvements in brain structures (such as neocortex, cerebellar structure and thickness and fiber organization of white matter structures) were observed in brains of PDC-deficient female progeny of HF-fed mothers during gestation and lactation. Additionally, no structural defects in striatum, thalamus and hypothalamus as well as in midbrain and brain stem were seen in PDC-deficient female progeny of HF-fed mothers compared to the same structures from age-matched progeny of LC-fed mothers.
Feeding a HF-diet to pregnant mice are known to cause increased plasma levels of ketone bodies that would be transported across the placenta to the fetal circulation. Both rodent and human fetal brains are capable of metabolizing ketone bodies [40, 49, 50, 53, 54] . Hence feeding a HF diet to pregnant mice provided ketone bodies as an alternate fuel for fetal brain. Availability of ketone bodies as an alternate fuel reduced the impact of PDC-deficiency by generating ATP via the oxidation of acetyl-CoA formed from ketone bodies. Acetyl-CoA generated from ketone bodies can also be utilized for lipid biosynthesis in the fetal brain hence reducing the ill effect of PDC deficiency on lipid synthesis, as evident from increased brain weights of PDC-deficient progeny of HF-fed mothers. Since the availability of ketone bodies to the fetal brain were initiated from fetal life, there was less impairment in fetal brain development due to PDC deficiency. Furthermore, there was some protection from deleterious effects of PDC deficiency during the suckling period because mouse milk is rich in its fat content, resulting in postnatal ketosis in the suckling pups. We have shown that rodent brains can oxidize ketone bodies to CO 2 and can incorporate ketone body-carbons in brain lipids in the immediate postnatal period [50, 54] . Furthermore, we also demonstrated that acetyl-CoA generated from acetoacetate in the cytosol was readily utilized for lipid synthesis by brains from 1-week-old rats [54] . Hence, the availability of ketone bodies during both prenatal and early postnatal periods in PDCdeficient mice resulted in the reduction in the severity of impairments caused by PDC deficiency. Since the majority of mutations in the PDHA1 gene (as well as in the other PDC genes) in children are sporadic and diagnosis of PDC deficiency is commonly made after birth, it is not commonly possible to institute a ketogenic dietary treatment during pregnancy.
Conclusions
The results presented here show that early prenatal treatment with a ketogenic diet might be very beneficial during pregnancy with a family history of PDC deficiency (with a previously affected sibling) or with a positive prenatal diagnosis of PDC deficiency) [43] [44] [45] , because this dietary treatment has the potential to reduce irreversible cerebral damage occurring during the prenatal period. The findings presented here also provide for the first time experimental support for initiation of a high fat (ketogenic) dietary treatment as early as possible after birth to diminish further deterioration of brain development and function.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.ymgmr.2016.03.012.
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